The purpose of this study is to build an automatic disease classification system using pulse waveform analysis, based on a Fuzzy C-means clustering algorithm. A self designed three-axis mechanism was used to detect the optimal site to accurately measure the pressure pulse waveform (PPW). Considering the artery as a cylinder, the sensor should detect the PPW with the lowest possible distortion and hence an analysis of the vascular geometry and an arterial model were used to design a standard positioning procedure based on the arterial diameter changed waveform for the X-and Z-axes. A fuzzy C-means algorithm was used to estimate the myocardial ischemia symptoms in 35 elderly subjects with the PPW of the radial artery. Two type parameters are used to make the features, one is a harmonic value of Fourier transfer, and the other is a form factor value. A receiver operating characteristics curve is used to determine the optimal decision function. The harmonic feature vector (H 2 , H 3 , H 4 ) performed at the level of 69% for sensitivity and 100% for specificity while the form factor feature vector (LFF, RFF) performed at the level of 100% for sensitivity and 53% for specificity. The modified clustering algorithm based on FCM and ROC curve is an efficient way for estimating the risk of myocardial ischemia based on the exercise ECG.
Introduction
Myocardial ischemia occurs as a result of the heart muscle being deprived of oxygen and is accompanied by inadequate removal of metabolites because of reduced blood flow or perfusion. In the case of a slight attack, myocardial ischemia subjects may complain of chest pains. But, in a more serious condition, sudden death will occur [1] . In the clinic the Duke treadmill exercise score, a composite of measures of functional capacity and stress-induced ischemia, has been shown to predict prognosis in coronary artery diseases [2] - [4] . The treadmill electrocardiogram measurements were made according to conventional methods at the hospital, in which the patient was allowed to run freely on the treadmill. In a standard diagnosis, when the patient's treadmill electrocardiogram shows a horizontal or lower slope ST depression, the patient will be diagnosed with myocardial ischemia. It has been reported that exercise electrocardiogram examination reveals the presence of chest pain during exercise or exertion, with the accuracy of diagnosis reaching 90% [5] .
But the treadmill exercise is a dangerous and hard exercise for the patients. The patients must run until their heart rate attains at least 85% to 90% of the maximum heart rate for 1 minute, or until fatigue develops [6, 7] . Therefore, how to easily examine the risk of myocardial ischemia is a challenging study.
O'Rourke et al, have shown that arterial sclerosis is caused by the fracture and fragmentation of the elastic lamellae with the diabetes [8] . Consequently, many studies have been developed to assess arterial stiffness as a means of predicting the cardiovascular risk to the patient. Most of these studies have focused on the analysis of the blood pressure waveform measured from the radial artery. This kind of method is known as pulse waveform analysis (PWA). Research into PWA of the radial artery was initiated by the invention of a pulse waveform scanner by Vierordt in 1855 [9] , which has since proven to be a safe and effective diagnostic tool. Many technologies have been used to measure the radial artery waveform, and have employed either a single sensor or an array sensor. An array sensor is placed on the wrist over the radial artery; the device automatically flattens the artery, adjusts the contact pressure and selects the optimal sensing element for recording the pulse wave [10] . In 1993, Wang et al, used a Fourier transform to study the radial artery waveform, which would be affected by mechanical resonance between the heart and other organs [11] . They discovered evidence that pathological changes in different organs affected the harmonic values of the pressure pulse waveform (PPW) [12] [13] [14] [15] , which has led to PWA being used as an effective and accurate diagnostic tool. Form factor (FF) value is a time domain feature that comes from the ratio of the standard deviation of the derivative signal. The FF value has been used in biomedical signal analysis, such as EEG [16] and ECG [17] . The FF value is very sensitive to noise, and is only suitable for narrow band signals, not for wide band signals, such as EMG.
Because PPW is a narrow band signal, the FF value also could be used to describe the PPW's characteristic in time domain.
A hard k-means algorithm executes a sharp classification, in which each object is either assigned to a class, or not. The application of fuzzy sets in a classification function causes the class membership to become a relative one and an object can belong to several classes at the same time but with different degrees [18] . Therefore, a fuzzy C-means (FCM) algorithm which is an unsupervised clustering method has a better performance than the hard k-mean algorithm for identifying the medical problems [19, 20] . A receiver operating characteristics (ROC) curve is used to determine the optimal decision function which is based on the feature centers derived by FCM.
In our studies, the radial artery can be regarded as a three-dimensional cylinder, and locating the best measuring point requires three axes to be considered, as shown in Fig. 1 . In this figure the Y-axis is defined as being parallel to the radial artery, the Z-axis is vertical (i.e., perpendicular to the radial artery), and the X-axis is horizontal (i.e., perpendicular to the forearm). In order to get a standard measurement, we had designed a three-axis mechanism and a standard positioning procedure for detecting the optimal measurement site [21] . A modified sensor was designed to detect the arterial diameter changed waveform (ADCW) and PPW simultaneously. The sensor combined a piezoresistor (diameter: 12 mm, range: 15 psi; NPI-12, Lucas, USA) with a strain gauge (size: 5×2 mm, resistance: 119.8±0.2% Ω, mean±SD; KFG-5-120-C1, Kyowa, Japan). The waveform signals were recorded using a digital-to-analog acquisition card (PCI 6014, National Instruments), with LabView software used for data retrieval and manipulation. The analog bandwidth was 0.1~40 Hz, the pressure-sensor gain was 100, the strain-gauge gain was 1000, the sampling frequency was 500 Hz, and the pressure sensor was calibrated using a mercury-column pressure gauge. We analyzed the vascular geometry to estimate the optimal X position, and used an artery model to estimate the optimal Z position to get a standard PPW. In the PWA, the harmonic and FF values of the PPW being the frequency and time domain features were passed into the FCM algorithm to estimate the risk of identify the myocardial ischemia symptoms that used the exercise electrocardiogram (ECG) as a reference.
Experimental Materials and Methods

Myocardial Ischemia Diagnosis
In this study, we selected patients whose main symptom was chest pain, and measured the PPW under the optimal X-and Z-axis position. An exercise ECG was obtained immediately after PPW measurement, and subjects who were found to be positive for myocardial ischemia were grouped into the positive group. In the normal group, we selected subjects who didn't have the chest pain and were examined by an exercise ECG belonging to the negative group for myocardial ischemia. The
All subjects had to be free from any confounding factors such as infection of the respiratory tract, acute whole-body diseases, severe stenosis of the aorta, congestive uncontrolled heart failure, severely high blood pressure, chest pain under a resting condition, and severe arrhythmia.
A standard diagnosis of myocardial ischemia was made based on a treadmill ECG showing horizontal or lower slope ST depression that followed the PPW measurement.
Its lowest level had to reach the J point (the border between the QRS and ST phases), followed by a decrease of 0.1 mV every 80 msec. The treadmill ECG (SCHILLER STM-55, Polymed Chirurgical, Canada) measurements were made according to conventional methods at the hospital, in which the patient was allowed to run freely on the treadmill. The ECG monitoring device was attached to the patient to record the heartbeat. The speed and treadmill slope were increased every few minutes until any of the following four scenarios occurred: (1) patient could no longer continue running for any reason, (2) the heart rate reached a maximal value, (3) myocardial ischemia occurred, or (4) the ECG showed significant changes. Patients who showed scenario 1 were not included in the analysis.
Scenario 2 was considered negative for ischemia if the ECG had not shown any significant change, while scenarios 3 and 4 were considered positive.
Features of PPW
The harmonic values of the PPW were obtained by Fourier transformation, as reported previously [11, 12] . The Fourier series is given by:
where T is the beat time, H 0 is the mean value of the radial pulse, and the H k values are the harmonic components of the PPW. The harmonic components were all normalized to H 1 before calculating differences.
The FF value of the PPW is as following:
where x σ is the variance of the signal, 
Fuzzy C-Mean
In order to develop a diagnostic decision algorithm for myocardial ischemia, FCM is adopted. A feature vector belongs to a cluster to some degree that is specified by a membership matrix. The FCM function analyzes the PPW parameters and produces three outputs: (1) the membership matrix U, (2) the cluster centers {c i , i=1, …, K}, and (3) the PPW coding vector (row matrix) S. Four steps in the FCM function are depicted below. The cluster center K=2 in this paper.
Step 1: Initialize the membership matrix U with random values between 0 and 1.
The size of U is K×L, where K is number of clusters, and L is the length of input data. In this paper, L is the summation number of the positive group patients and the normal group. The element of membership matrix U, u ij , is the probability that the jth feature vector belongs to the ith cluster (1≤i≤K and 0≤j≤L−1). Note that, for a given feature vector, summation of degrees of belongness equals unity. Elements of U must satisfy the constraint below
Step 2: Calculate fuzzy cluster centers for all K clusters according to 
where
is the Euclidean distance between the ith cluster center and the jth feature vector. The weighting exponent, m, in Eq. (5) is selected to be m=2. The criterion requires J to be as small as possible. The iteration terminates if improvement of J over previous iteration is below a pre-specified threshold.
Otherwise, the algorithm proceeds with next step to update the membership matrix U.
Step 4: Compute a new membership matrix U whose element u ij is adjusted by
According to the above equation, u ij is inversely proportional to the squared distance from the feature v[j] to the cluster center c i .
The iteration process from
Step 2 to Step 4 continues. 
The optima decision function is chosen based on the corner of the ROC curve.
Experimental Material
There were 16 patients comprised 9 men and 7 women aged 58.9 ± 11.6 years (range: 50 to 75 years), of which exhibited treadmill ECGs that were positive for myocardial ischemia. We also found 19 subjects who comprised 10 men and 9 women aged 63.9 ± 13.7 years (range: 46 to 83 years) in normal group. Table 1 lists the gender, age, pulse, and blood pressure data for the positive and normal groups.
Student's t tests revealed that the systolic blood pressure, diastolic blood pressure, and heart rate did not differ significantly (p>0.05) between the groups.
All the subjects were asked to stop smoking, stop alcohol intake, and avoid consuming stimulants (e.g., coffee and tea) and medications for at least 24 hours before participating in the experiments. They rested in a temperature-controlled room (at 22±1°C) for 30 minutes before the waveform examination was performed.
During the waveform measurement, each subject was asked to sit on an adjustable-height chair. The subject's left or right hand was placed on a table at the same horizontal height as the heart with the palm pointing upwards and the wrist resting on a soft pillow. The radial artery PPW was measured at 10 mm proximal to the styloid process for both right and left hands. An exercise ECG was obtained immediately after PPW measurement.
In the X-axis scan, one step of the stepping motor corresponded to a movement of 0.25 mm, and the recording time was 1.6 sec. According the standard position, the sensor was at the optimal X-axis position when the strain gauge detected the maximum ADCW. Similarly, in the Z-axes, one step of stepping motor is only 0.125 mm, and the optimal Z-axis position could also be detected by the maximum ADCW.
Figures 2 and 3 are the ADCW-tracking charts for the X and Z axes, respectively.
Then, the PPW was recorded about 3 sec when the sensor was putted at the standard position. The entire measurement protocol, including determining the initial contact pressure, X-axis scanning, and Z-axis scanning, took 3-5 minutes in each subject.
Results
Traditional pulse signals contain one major peak and two following minor peaks within one period. The minor peaks of myocardial ischemia patients are more insignificant than those of a normal group. Figure 4 illustrates the typical PPW for a positive subject (age 67 years, gender male, SBP 140 mm Hg, DBP 76 mm Hg) and a normal subject (age 60 years, gender male, SBP 143 mm Hg, DBP 83 mm Hg).
Corresponding harmonics are also demonstrated in Fig. 5 . From Fig. 5(a) we can see that the normal subject has larger harmonic rhythms than positive subject. Table   2 lists the harmonic features of left hand and the FF features of left and right hands for the positive groups and the normal group. Their corresponding t-test p values are also included. Therefore, the significant parameters (p < 0.05) were chosen as FCM clustering input features.
In the following step, Table 3 Table 3 . The harmonic feature vector (H 2 , H 3 , H 4 ) has performances of 69% and 100% for sensitivity and specificity respectively, while the FF feature vector (LFF, RFF) has a performance of 100% for sensitivity and 53% for specificity. We also combined the harmonic and FF parameters as clustering features.
We also combined with the harmonic and FF features as a feature vector to identify the myocardial ischemia. The two dimension feature vector (LFF, H 2 ) and three dimensions feature (LFF, H 2 , H 4 ) all have 75% sensitivity and 100% specificity. Figure 2 indicates that the mean contact pressure was about 150 mmHg, which is greater than the mean arterial pressure. This is due to the contact area between the sensor and skin being very small, and is also probably attributable to the radial artery being loaded unilaterally by the sensor until the vessel moved downwards sufficiently for it to be supported by the radius. This explains why the contact pressure became larger than the mean arterial pressure. Moreover, because the contact pressure is affected by the blood pressure, its waveform also contains some pulse signals.
Discussions and Conclusions
Because we used the vascular geometry analysis and the artery model to separately determine the optimal X-and Z-axis position, that is the position of maximum ADCW, we did not calibrate the ADCW value. This explains why the ADCW scale in Figs. 2 and 3 has no units.
Myocardial ischemia occurs as a result of the heart muscle being deprived of oxygen and is accompanied by inadequate removal of metabolites because of reduced blood flow or perfusion. In the clinical, the CT or MRI all could detect the narrowed or oppilated condition of the coronary artery. But, the ECG is an easy and important examination on diagnosing the ischemia or necrosis of myocardium.
Although, in the resting ECG examination, there are about 50% patients whose ECG belong to the normal condition. The myocardium indeed has been hurt that will response at its function. In this study, we thought that the arterial pressure waveform would be affected at a myocardial ischemia condition. In Fig. 4 , the PPW of the positive subject is very different to the normal subject.
Spectrum feature, harmonic, and time-domain feature, FF, are used in this study.
The harmonic value is a standard method for PWA analysis. Harmonic features had a sensitivity 69% and specificity 100% in this study. According to Wang [11] , the second harmonic value and the forth harmonic value have corresponding physiological resonances with heart related diseases. This is the first time that the FF was applied in PWA. In Table 2 , the FF features have lower p values between positive and normal subjects than harmonic features. The FF is a kind of time domain feature, and the two pulse's minor peaks of the PPW in the positive group are weaker than that of normal group. Therefore, the PPW variation of the positive group is lower, and results in a lower FF value than the normal group. The FF features have a sensitivity of 100% and a specificity of 53%, which is different from harmonic features, based clustering performance. The FF features demonstrate a better discrimination performance, but in different way.
FCM is chosen as a primary clustering criterion in this paper. There are several clustering approaches, such as Bayesian clustering, support vector machine, probabilistic neural network or multilayer perceptron neural network [22] [23] [24] . FCM is a low computational load and an easily implemented algorithm. In this study, the major role of FCM is to determine the primary decision function. Each decision function has a set of clustering results, and the corresponding clustering specificity and sensitivity is also determined. An ROC curve is formed for the adjustment of the determination line. The modified clustering algorithm based on FCM and ROC curve is an efficient way for estimating the risk of myocardial ischemia based on the exercise ECG.
This phenomenon can be understood according to the sensitivity-specificity definition. Referring to Eqs. (8) and (9), higher specificity means higher FN, and that means higher recognition in the normal group; higher sensitivity means higher TP and that means higher recognition in the positive group. Therefore, Harmonic features have 100% specificity, so they are suitable for finding normal subjects. FF features have 100% sensitivity, so they are suitable for finding the patients who have a high risk in the myocardial ischemia.
This system is non-invasive and is a standard measurement for the PPW. A PWA being used to estimate the risk of myocardial ischemia was developed and tested with the exercise ECG. With the harmonic and FF features of PPW, higher identification specificity and sensitivity are achieved. Therefore, it is very important to adjust selected features depending on the user's requirement. Clinical users can choose the harmonic values as a feature if FN is the first priority; they can also choose the FF feature if TP classification of the patients is more important. It is a good candidate for screening myocardial ischemia patients before further treadmill ECG examinations.
